INTRODUCTION
============

Type 2 diabetes mellitus (T2DM) in Asia differs in several aspects from that in Western countries \[[@B1]\]. The clinical characteristics of Asian T2DM include a rapid increase in the prevalence of diabetes during a relatively short period of time and early disease onset with a lesser degree of obesity relative to that observed in Western countries \[[@B2]\]. Pathophysiological differences in insulin secretion and resistance, including pronounced dysfunction in early-phase insulin secretion with a lower degree of compensatory insulin secretion, have been suggested as explanations for the ethnic differences \[[@B3],[@B4]\]. Additionally, the β-cell mass is known to correlate with the body mass index (BMI) in subjects with and without diabetes in Korea \[[@B5]\], and a similar trend was observed in European subjects \[[@B6]\]. This finding suggests limited amount of β-cell masses in Asian subjects with relatively low BMI compared to those in Western countries. However, the recent socioeconomic transition in Asian countries has led to an increased prevalence of obesity \[[@B7]\].

There have been several decades of impoverishment during the history of Korea, including the Japanese Colonial Period (1910 to 1945) and the Korean War (1950 to 1953). Despite being considered among the poorest countries in the 1950s, South Korea has currently accomplished remarkable economic development. Rapid economic improvements and modernization during the past 50 years have led to increased epidemics of obesity and dyslipidemia, and an increased prevalence of diabetes along with diabetes-related mortality \[[@B8]\]. However, it is unknown whether changes in β-cell function have occurred in response to environmental changes. A Westernized lifestyle, increased social stresses and increased prevalence of obesity could have affected β-cell functioning and insulin resistance, eventually leading to the altered nature of diabetes and pre-diabetes observed in the Korean population. The thrifty phenotype hypothesis proposes that fetal malnutrition might induce metabolic adaptations in order to maintain nutrient supply to vital organs (such as the brain) at the expense of other organs (such as the pancreas) and might result in the subsequent development of T2DM and metabolic syndrome \[[@B9]\]. Individuals of the Korean population who were born during periods of impoverishment might have acquired this thrifty phenotype; similarly, a Dutch Hunger Winter study showed that prenatal exposure to famine correlated with reduced glucose tolerance in adults \[[@B10]\]. However, in individuals born during periods of economic development, improved nutrition should have improved the insulin secretory function of pancreatic β-cell and insulin sensitivity of target organs.

Therefore, this study aimed to assess the differences in insulin secretion and resistance between subjects in the Korean population who were evaluated during the 1990s and 2000s according to their glucose tolerance status and BMI.

METHODS
=======

Study population
----------------

Subjects who underwent a 75-g oral glucose tolerance test (OGTT) between January 1997 and December 1999 and between January 2007 and December 2011 were enrolled at the Seoul St. Mary\'s Hospital, Korea. All the subjects were Korean men and women aged 19 to 80 years. Subjects with T1DM, active infection or inflammation, malignancy, impaired liver or renal function (alanine aminotransferase levels \>2-fold above the upper limit of the normal range, a serum creatinine level \>133 µmol/L, or a glomerular filtration rate \<60 mL/min), pregnancy, or steroid use were excluded from the study. Patients with T2DM who were using oral hypoglycemic agents or insulin therapy were also excluded unless they had stopped using oral hypoglycemic agent or insulin for at least 3 months.

Glucose tolerance classification
--------------------------------

According to the 2011 American Diabetes Association criteria \[[@B11]\], the subjects were categorized as having normal glucose tolerance (NGT; a fasting plasma glucose level \<5.6 mmol/L and a 2-hour plasma glucose level \<7.8 mmol/L), pre-diabetes mellitus (pre-DM; either impaired fasting glucose \[defined as a fasting plasma glucose level of 5.6 to 6.9 mmol/L and a 2-hour plasma glucose level \<7.8 mmol/L\] and/or impaired glucose tolerance \[defined as a fasting plasma glucose \<5.6 mmol/L and a 2-hour plasma glucose of 7.8 to 11.0\]), or DM (defined as a fasting plasma glucose level ≥7.0 mmol/L, a 2-hour plasma glucose level ≥11.1 mmol/L and/or a hemoglobin A1c level ≥6.5%).

Explanatory variables
---------------------

All subjects underwent the 75-g OGTT after 12 hours of overnight fasting. Glucose and insulin levels were obtained during the 75-g OGTT from samples collected at 0, 30, 60, 90, and 120-minute. Plasma glucose levels were measured by using the hexokinase method, and insulin was measured using radioimmunoassay kit (Dainabot, Tokyo, Japan) in the hospital laboratory. We calculated several indices to measure insulin resistance and insulin secretion. The Matsuda index of insulin sensitivity was calculated as follows: 10,000/√(FPG×fasting insulin×mean of glucose during OGTT×mean of insulin during OGTT). The quantitative insulin sensitivity check index (QUICKI) and homeostatic model assessment for insulin resistance (HOMA-IR) were calculated by using the fasting insulin and fasting glucose levels. The total area under the curve (insulin/glucose) (total AUC \[I/G\]) was calculated by using the trapezoid method. The insulinogenic index was calculated as the early-phase insulin response relative to the glucose stimulus during OGTT as follows: (insulin at 30 minutes during OGTT-fasting insulin)/(plasma glucose at 30 minutes during OGTT-fasting plasma glucose). The oral disposition index was calculated as the combination of the insulinogenic index and 1/fasting insulin level.

As a measure of insulin secretion, the insulinogenic index was shown to correlate strongly with the acute insulin response on the intravenous glucose tolerance test \[[@B12]\], and has been used as an early-phase insulin secretion index in clinical studies \[[@B13]\]. The Matsuda index correlates with the whole-body glucose disposal rate during the euglycemic insulin clamp, and therefore provides a reasonable approximation of whole-body insulin sensitivity during the OGTT. The total AUC (I/G) during the 75-g OGTT has been used as a measurement of total insulin secretion \[[@B13]\]. The subjects\' heights and weights were measured, and the BMI was calculated by dividing the weight (kg) by the square of the height (m^2^).

Confirmation of a hyperbolic relationship
-----------------------------------------

The hyperbolic relationship between insulin secretion and insulin sensitivity was characterized by using the following equation: log (insulin secretion)=constant+β log (insulin sensitivity). By applying a regression analysis to the model, a hyperbolic relationship can be established if β is approximately equal to -1 and the 95% confidence interval (CI) of β excludes 0. The OGTT-derived total AUC (I/G) and Matsuda index were used as the insulin secretion and sensitivity indices, respectively, across the glucose tolerance range \[[@B14]\].

Statistical analysis
--------------------

Data are presented as mean±standard errors, or as numbers with proportions. Values were first assessed for normality and then compared between the groups. Differences in the baseline characteristics between subjects from the 1990s and 2000s were determined by using the *t*-test or Wilcoxon rank sum test for continuous variables, and the chi-square test for categorical variables. Comparison of time course curves during OGTT were analyzed by repeated measures analysis of variance, and is described as \"*P* for trend.\" Comparisons of the insulin sensitivity and secretion indices were determined by using an analysis of covariance after adjusting for the age, sex, and BMI. As noted by Kahn et al. \[[@B15]\] we used perpendicular least squares properly weighted regression to confirm the hyperbolic relationship between the total AUC (I/G) and Matsuda index. The statistical analysis was performed by using a computer software program (SAS version 8.2; SAS Institute Inc., Cary, NC, USA) and *P* values \<0.05 were considered statistically significant.

Ethics statement
----------------

This study protocol was approved by the Institutional Review Board of The Catholic University of Korea (No. KC13RISI0209). Only de-identified patient data from the database were accessed and were analyzed anonymously. Therefore, the institutional review board waived the need for written informed consent from the participants. This study was conducted according to the principles expressed in the Declaration of Helsinki.

RESULTS
=======

Baseline clinical characteristics
---------------------------------

A total of 578 subjects from the 1990s and 504 subjects from the 2000s were enrolled ([Table 1](#T1){ref-type="table"}). The mean ages of the subjects in the 1990s and 2000s were 48.51±11.3 and 50.2±10.9 years respectively. Of the subjects, 127 in the 1990s and 89 in the 2000s had NGT, 98 in the 1990s and 170 in the 2000s had pre-DM, and 353 in the 1990s and 245 in the 2000s had DM. No significant differences were observed between the subjects from the 1990s and 2000s in the three glucose tolerance groups with respect to age, sex, weight, height, BMI, hemoglobin A1c level, fasting glucose level, and fasting insulin level. The enrolled subjects were further grouped into three categories according to their BMI values as follow: group 1, BMI \<23 kg/m^2^; group 2, BMI=23 to 25 kg/m^2^; and group 3, BMI ≥25 kg/m^2^.

Oral glucose tolerance test results of subjects in the 1990s and 2000s
----------------------------------------------------------------------

The glucose and insulin measurements and insulin-to-glucose ratios obtained during the 75-g OGTT are shown in [Fig. 1](#F1){ref-type="fig"}. In the NGT group, no significant differences were observed with respect to the glucose (*P* for trend=0.37) and insulin (*P* for trend=0.19) levels and the insulin-to-glucose ratio (*P* for trend=0.21). However, in the pre-DM and DM groups, the insulin-to-glucose ratios were significantly higher in subjects from the 2000s than in those from the 1900s.

Differences in insulin secretion and sensitivity between the 1990s and 2000s
----------------------------------------------------------------------------

The Matsuda index of insulin sensitivity and QUICKI scores were both significantly lower in subjects from the 2000s than in those from the 1990s, regardless of the glucose tolerance status ([Table 2](#T2){ref-type="table"}). The HOMA-IR was significantly higher in subjects from the 2000s than in those from the 1990s, regardless of the glucose tolerance status. However there were no significant differences in the insulinogenic index between the 1990s and 2000s in the NGT, pre-DM, or DM groups, and the oral disposition index was significantly lower in the NGT group from the 2000s.

Relationship between the Matsuda index and the total AUC (I/G)
--------------------------------------------------------------

In [Fig. 2](#F2){ref-type="fig"}, hyperbolic lines indicate the predicted means of the cross-sectional relationship between the Matsuda index and the total AUC (I/G). The Matsuda index and total AUC (I/G) yielded a distinct relationship for each glucose tolerance group (*P*\<0.001) in the 1990s as follows: NGT, β=-0.69 (95% CI, -0.80 to -0.59); pre-DM, β=-0.84 (95% CI, -0.96 to -0.81); and DM, β=-1.07 (95% CI, -1.18 to -0.95) ([Fig. 2A](#F2){ref-type="fig"}). The mean product (±standard error) of the Matsuda index and the total AUC (I/G) progressively decreased from NGT group (272.80±9.66) to that obtained from the pre-DM group (144.11±60.11) and subsequently to that obtained from the DM group (57.25±2.06), consistent with the notion of declining β-cell function (*P*\<0.001). In subjects from the 2000s, the combination of two indices satisfied a distinct relationship (*P*\<0.001) for each glucose tolerance group, as follows: NGT, β=-0.94 (95% CI, -1.07 to -0.81); pre-DM, β=-0.87 (95% CI, -0.96 to -0.78); and DM, β=-0.83 (95% CI, -1.00 to -0.66) ([Fig. 2B](#F2){ref-type="fig"}). Similarly, the mean product (±standard error) of the Matsuda index and the total AUC (I/G) progressively decreased from the NGT group (236.21±74.06) to the pre-DM (151.03±42.77) and finally to the DM group (69.74±2.47; *P*\<0.001). The mean product of the Matsuda index and the total AUC (I/G) was significantly lower (*P*\<0.001) in the NGT subjects from the 2000s than in those from the 1990\'s. There were no such differences in the pre-DM or DM groups. [Fig. 2C](#F2){ref-type="fig"} represents the mean values of the Matsuda index and total AUC (I/G) for each glucose tolerance group from 1990s and 2000s.

Subgroup analysis according to the BMI
--------------------------------------

We conducted a further analysis according to the BMI. The World Health Organization has recommended a BMI of 18.5 to 23 kg/m^2^ as healthy for Asians \[[@B16]\]; a BMI ≥23 kg/m^2^ is associated with a risk of diabetes \[[@B17]\]. However there were little significant differences with respect to increasing BMI levels in all the glucose tolerance groups.

DISCUSSION
==========

This study compared two cross-sectional studies on insulin sensitivity and insulin secretion based on the 75-g OGTT in a Korean population with different glucose tolerance status. Studies on secular trends of diabetes or metabolic syndrome components have been limited to the prevalence or anthropometric measures in the United States \[[@B18]\], Europe \[[@B19]\], and South Asia \[[@B20]\]. In a nationwide epidemiologic study, Danaei et al. \[[@B21]\], reported that the age-standardized, global, mean fasting plasma glucose have increase by 0.07 mmol/L per decade during the past 30 years. However there is insufficient data from studies that focused on changes in insulin secretion. Previously, a longitudinal study was conducted in 209 Pima Indians and demonstrated improved insulin secretion proportional to the amount of weight loss; however, the mean observation period was only 2.6 years \[[@B22]\]. Other studies have been conducted on changes in insulin secretion and resistance along with worsening of glucose tolerance \[[@B4],[@B23]\], but these studies have mainly focused on the natural history of diabetes development.

To our knowledge, this is the first study to compare the differences in insulin secretory function and sensitivity between 2 different decades using measures obtained during the OGTT. The mean ages of the enrolled subjects were 48.51 years in the 1990s and 50.2 years in the 2000s. Those who were in their late 40s in the 1990s had been born before the Korean War, whereas those who were in their early 50s in the 2000s were mostly born after the Korean War and during the period of rapid South Korean economic growth. Therefore, by comparing subjects from the 1990s and 2000s, we were able to compare the effect of environmental factors on insulin resistance and secretion.

Subjects from the 2000s had significantly lower Matsuda index and QUICKI and higher level of HOMA-IR than those from the 1990s, regardless of their glucose tolerance statuses. Additionally, the total AUC (I/G) and I/G ratio curves during OGTT were higher in the pre-DM and DM groups from the 2000s, suggesting increased insulin resistance in subjects from this decade. However, early-phase insulin secretion, as measured by the insulinogenic index, did not differ significantly between the 2 decades in any of the glucose tolerance groups. These findings not only suggested that insulin resistance increased during the past decade, but also that compensation in early-phase insulin secretion was not observed in the subjects with or without diabetes. Even after accounting for the increased insulin resistance, the pancreatic β-cell function remained unchanged in all of the glucose tolerance groups. Moreover, oral disposition index in NGT group from 2000s was significantly lower than those from 1990s, which suggest a potential increase in the risk of T2DM development in the future.

Similar to previous studies performed by using disposition index curves \[[@B24]\], the hyperbolic curves exhibit a shift toward the origin as glucose tolerance worsen in both the 1990s and 2000s. This finding was represented by a progressive decline in the product of the Matsuda index and the total AUC (I/G) along with the worsening of glucose tolerance. Similar to the oral disposition index, the product of the two indices was significantly lower (*P*\<0.001) in the NGT subjects from 2000s vs. 1990s. These finding suggests an increased risk of DM development in the future. However, 95% CIs did not include -1 in the NGT and pre-DM groups from the 1990s and in the pre-DM group from the 2000s, and therefore did not fulfill the criteria for hyperbolic relationship in these groups. This may reflect either analytic limitation or complexities in the underlying physiology, as observed in other previous reports \[[@B25]\].

We had expected that the changes in insulin resistance and secretion would differ according to the BMI levels. In this study, little significance was observed among the different BMI levels. However, further studies with larger populations in each BMI group are required. There are some other limitations in this study. The sample sizes of subjects with isolated impaired fasting glucose, isolated impaired glucose tolerance, and combined impaired fasting glucose and impaired glucose tolerance were too small, and were ultimately categorized into a single pre-DM group. As the pathogenesis of impaired fasting glucose and impaired glucose tolerance is thought to be different \[[@B13]\], a further analysis of detailed glucose tolerance groups would be more informative. Also, enrolled subjects were those who visited tertiary hospital. The subjects therefore do not represent randomly selected subjects collected in the general Korean population and we could not rule out a potential selection bias. Further studies on larger population representative of general Korean subjects are needed. Although we have shown a tendency of increased insulin resistance without significant changes in BMI or body weight between subjects from 1990s and 2000s, we could not fully explain the underlying mechanism. Increased insulin resistance without significant changes in BMI or body weight may be the consequences of differences in the body composition, degree of social stress or socioeconomic status, prevalence of hypertension, menopausal status or C reactive protein levels \[[@B26],[@B27]\], which were not evaluated in our study. Finally, information on medication history, smoking status or alcohol consumption were not evaluated.

In Korea, the proportions of patient with diabetes who are not obese was approximately 71.3% in the early 1980s \[[@B28]\], 68.5% in the early 1990s \[[@B29],[@B30]\], and 57.5% in the mid-2000s \[[@B31]\]. These changes represent a decreased proportion of nonobese patients and an increased proportion of obese patients among subjects with diabetes, as well as the westernization of the T2DM phenotype. It remains unclear whether these changes are associated with physiologies of pancreatic β-cell and target organs (muscle, liver, and adipose tissue).

In conclusion, insulin resistance has worsened across the glucose tolerance spectrum in response to rapid economic growth and changes in lifestyle patterns; however, insulin secretory functions remained unchanged, leading to increased susceptibility to T2DM development among Korean subjects without diabetes. Also, further studies on larger population representative of general Korean subjects are needed.
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![Results of the 75-g oral glucose tolerance test in subjects from the 1990s and 2000s. Measurements obtained during the 75-g oral glucose tolerance test (OGTT) were compared at each time points using the *t*-test in subjects with (A) normal glucose tolerance (NGT), (B) pre-diabetes mellitus (pre-DM), and (C) diabetes mellitus (DM). Comparison of time course curves during OGTT were analyzed by repeated measures analysis of variance (ANOVA). Open circles and dashed lines represent measurements obtained in subjects from the 1990s. Black squares and solid lines represent measurements obtained in subjects from the 2000s. ^a^*P* value \<0.05 at the 0, 30, 60, 90, or 120-minute time points during the 75-g OGTT. \"*P* for trend\" indicates the comparison of time course curves during OGTT, analyzed by repeated measures ANOVA.](dmj-39-117-g001){#F1}

![Hyperbolic relationship between the Matsuda index and the total area under the curve (total AUC; insulin/glucose \[I/G\]). A distinct hyperbolic relationship was observed between the Matsuda index and the total AUC (I/G) in subjects with normal glucose tolerance (NGT), pre-diabetes mellitus (pre-DM), and diabetes mellitus (DM) from (A) the 1990s (*P*\<0.001) and (B) the 2000s (*P*\<0.001). (C) Mean values of Matsuda index and total AUC (I/G) in each glucose tolerance group from the 1990s and 2000s. Open and filled circles represent the subjects with NGT from the 1990s and 2000s, respectively. Open and filled triangles represent the subjects with pre-DM from the 1990s and 2000s, respectively. Open and filled squares represent the subjects with DM from the 1990s and 2000s respectively.](dmj-39-117-g002){#F2}

###### Baseline characteristics

![](dmj-39-117-i001)

Values are presented as mean±standard error or number (%).

NGT, normal glucose tolerance; pre-DM, pre-diabetes mellitus; DM, diabetes mellitus; BMI, body mass index; HbA1c, hemoglobin A1c; LDL-C, low density lipoprotein cholesterol; HDL-C, high density lipoprotein cholesterol.

###### Differences in insulin secretion and sensitivity between the 1990s and 2000s
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Values are presented as mean±standard error.

NGT, normal glucose tolerance; QUICKI, quantitative insulin sensitivity check index; HOMA-IR, homeostatic model assessment for insulin resistance; Total AUC (I/G), total area under the curve (insulin/glucose); pre-DM, pre-diabetes mellitus; DM, diabetes mellitus.
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